Abstract Aim: We examined the effects of chronic hypoxia on diaphragm function in high-and low-altitude populations of Peromyscus mice. Methods: Deer mice (P. maniculatus) native to high altitude and congeneric mice native to low altitude (P. leucopus) were born and raised in captivity to adulthood and were acclimated to normoxia or hypobaric hypoxia (12 or 9 kPa, simulating hypoxia at 4300 and 7000 m) for 6-8 weeks. We then measured indices of mitochondrial respiration capacity, force production, and fatigue resistance in the diaphragm. Results: Mitochondrial respiratory capacities (assessed using permeabilized fibres with single or multiple inputs to the electron transport system), citrate synthase activity (a marker of mitochondrial volume), twitch force production, and muscle fatigue resistance increased after exposure to chronic hypoxia in both populations.
| INTRODUCTION
Skeletal muscle is a highly plastic tissue that has a large capacity to remodel in response to patterns of use, environmental changes and various pathological conditions. The effect of chronic environmental hypoxia on muscle phenotype has received appreciable attention, particularly in studies of locomotory muscle in humans and other animals that spend time at high altitudes.
1,2 Many (though not all) studies suggest that muscle wasting and/or a loss of oxidative capacity occurs when hypoxia is sufficiently severe and prolonged, 3 which can manifest as a loss in mitochondrial volume density or respiratory capacity. [4] [5] [6] Chronic hypoxia has also been shown to affect contractile phenotype in some rat studies, favouring a shift from slow-to fast-twitch fibre types, 7, 8 increasing twitch force and decreasing fatigue resistance. 9 These changes in locomotory muscle phenotype could result from intracellular hypoxia and associated oxidative stress, but could also arise from detraining in response to reduced physical activity, and are likely a response to changes in cellular regulators of metabolism. 6 The effects of chronic hypoxia on the diaphragm and on other respiratory muscles have received less attention. Chronic hypoxia may be expected to have distinct effects on the diaphragm than on locomotory muscles, because increases in breathing in response to reduced atmospheric O 2 augment respiratory muscle activity. However, the effects of chronic hypoxia on the contractile function of the diaphragm, which have been explored most extensively in domestic rodents, are somewhat inconsistent. Some studies suggest that chronic hypoxia can augment force production, 9 ,10 whereas some others suggest that the opposite occurs. [11] [12] [13] [14] There are similar inconsistencies in the literature regarding the effects of chronic hypoxia on fatigue resistance and the activities of metabolic enzymes in the diaphragm. 10, 11, [13] [14] [15] [16] The reasons for these discrepancies, and how these findings relate to other non-domesticated species, are poorly understood. High-altitude natives-who have evolved to cope with the hypoxic environment of montane regions-could provide unique insight into diaphragm function in response to chronic hypoxia, but these organisms have received relatively little attention. North American pika (Ochotona princeps) sampled at 3350 m in the wild had higher activities of citrate synthase (CS), b-hydroxyacyl-CoA dehydrogenase and lactate dehydrogenase (LDH) in the diaphragm compared to the closely related collared pika (O. collaris) sampled at 1070 m. 17 This suggests that the metabolic capacity of the diaphragm is elevated in some high-altitude species, but there is otherwise very little known about diaphragm function in high-altitude natives.
The deer mouse, Peromyscus maniculatus, inhabits the broadest altitudinal distribution of any North American mammal, from below sea level to more than 4300 m elevation in the Rocky Mountains. [18] [19] [20] High-altitude deer mice sustain high field metabolic rates in the wild, presumably to support the demands of thermogenesis in the colder environment at high altitudes (Hayes 21 ). There is strong directional selection at high altitudes that favours high aerobic capacity (VO 2 max) in hypoxia, 21 and high-altitude populations show an elevated VO 2 max in hypoxia compared to low-altitude populations of deer mice and to lowaltitude white-footed mice (P. leucopus). [22] [23] [24] [25] High-altitude populations also exhibit a more effective breathing pattern (higher tidal volumes and lower breathing frequencies) than low-altitude populations in normoxia, and unlike lowlanders, highlanders change breathing very little in response to chronic hypoxia. 26 However, the extent to which diaphragm function is altered in highlanders to support an elevated VO 2 max, to accommodate a more effective breathing pattern, or to otherwise cope with the hypoxic conditions at high altitude is unknown. Therefore, we examine here the effects of chronic hypoxia on diaphragm physiology, considering the underlying determinants of metabolic and contractile function, in high-altitude and low-altitude populations of Peromyscus mice.
| RESULTS

| Effects of chronic hypoxia on oxidative capacity and mitochondrial function
The respiratory capacities of the diaphragm for oxidative phosphorylation (oxphos) increased with chronic hypoxia in the lowland population, but more severe levels of hypoxia were needed to elicit a similar effect of hypoxia exposure in the highland population ( Figure 1A ). Respiration rates with pyruvate, malate and ADP (oxphos via complex I; P PM ) were 2.0-fold higher after exposure to hypoxia simulating 4300 m (12 kPa O 2 ) in the lowland population, but a similar level of hypoxia did not increase respiration in highlanders (Figure 1A ; Table 1 ). However, when the high-altitude population was exposed to more severe levels of hypoxia simulating 7000 m (9 kPa O 2 ), which they appeared to tolerate well and they still exhibited normal activity and behaviour, respiration rates increased by 1.6-fold ( Figure 1A ; Table 1 ). Similar effects of hypoxia exposure at 12 kPa O 2 were observed when respiration was measured in the subsequent presence of glutamate to stimulate maximal oxphos via complex I (P PMG ), succinate to stimulate maximal oxphos via complexes I+II (P PMGS ), and ascorbate and TMPD to elicit maximal respiration via complex IV (P Tm ) ( Figure 1A ; Table 1 ). There were also similar effects of hypoxia 2 of 16 | exposure at 9 kPa O 2 in highlanders to those on P PM for P PMG , P PMGS and P Tm ( Figure 1A ; Table 1 ). In contrast, leak state respiration (L N ) was relatively unaffected by hypoxia exposure and did not differ appreciably between populations ( Figure 1A ; Table 1 ). The rate of ROS emission from diaphragm fibres, which was measured simultaneously with mitochondrial respiration, increased in lowlanders but not in highlanders after hypoxia exposure ( Figure 1B) . ROS emission increased~twofold after exposure to chronic hypoxia (12 kPa O 2 ) in lowlanders but did not change in highlanders during leak, P PM , P PMG or P PMGS (ROS emission cannot be measured in P Tm in the presence of ascorbate and TMPD; Figure 1B ; Table 1 ). Exposure of highlanders to deeper levels of chronic hypoxia at 9 kPa O 2 was also without any statistically significant effects on ROS emission rate ( Figure 1B ; Table 1 ). The increases in ROS emission in lowlanders occurred in parallel to the increases in respiration, because there was no significant variation in rates of ROS emission relative to O 2 consumption in mice exposed to normoxia or 12 kPa hypoxia ( Figure 1C ; Table 1 ). However, highlanders appear to avoid similar increases in ROS emission rates by reducing ROS emission relative to O 2 consumption by roughly half after chronic exposure to 9 kPa hypoxia ( Figure 1C ; Table 1 ).
There was variation in the maximal activities of oxidative enzymes that existed in concert with the differences in mitochondrial respiratory capacities ( Table 2 ). The activity of citrate synthase (CS), a citric acid cycle enzyme that is a commonly used marker of mitochondrial abundance, increased after exposure to chronic hypoxia, but did not F I G U R E 1 Chronic hypoxia increased the respiration rates (A) of permeabilized diaphragm fibres in both populations of Peromyscus mice, but had population-specific effects on ROS emission rates (B), the ratio of ROS emission to O 2 consumption (C), and the respiration rate relative to CS activity (D). Respiration and ROS emission rates (expressed per mg mitochondrial protein) were measured in normoxia (20 kPa O 2 ; N), hypoxia (12 kPa O 2 ; H 12 ) and more severe hypoxia (9 kPa O 2 ; H 9 ) in the leak state (malate and pyruvate-L N ) and during oxidative phosphorylation (P) in the presence of ADP and substrates of complex I (P PM : malate and pyruvate; P PMG : malate, pyruvate, and glutamate), complexes I and II (P PMGS : malate, pyruvate, glutamate and succinate), and complex IV (P Tm : ascorbate and TMPD). ANOVA results are reported in Table 1 . *, †-Significant pairwise differences between the highland and lowland populations within the same environment, or between normoxia and hypoxia within the same population, respectively, in Bonferroni post-tests (n = [8] [9] [10] [11] differ between populations. The activity of cytochrome c oxidase (COX), the terminal oxygen acceptor of the electron transport system, was also increased by exposure to chronic hypoxia. However, this response was driven largely by the lowlanders, and there was a significant overall difference between populations, a nearly significant environment 9 population interaction (P = .0525), and no significant effect of hypoxia exposure on COX activity within highlanders (Table 2) .
Chronic hypoxia increased mitochondrial respiration rates relative to CS activity in lowlanders, but not in highlanders, suggesting that mitochondrial quality was altered by hypoxia exposure in the former population ( Figure 1D ; Table 1 ). Oxphos respiration rates relative to CS activity increased by~2.0-fold after hypoxia exposure at 12 kPa O 2 in lowlanders but not in highlanders, but this variation was less apparent in the leak state ( Figure 1D ; Table 1 ). Exposure to deeper levels of hypoxia at 9 kPa was without effect on respiration rates relative to CS activity in highlanders ( Figure 1D ; Table 1 ).
The observed variation in the respiratory capacity of diaphragm muscle did not appear to result from variation in fibre-type composition ( Figure 2 ; Table 3 ). Exposure to chronic hypoxia decreased the numerical and areal densities of type IIa fibres, in favour of subtle (sometimes non-significant) increases in type IIx and/or IIb fibres. There were no overall population differences in fibre-type composition or fibre size (ie no main effect of population in two-factor ANOVA), but the increase in type IIb fibre abundance appeared to be greater in the low-altitude population (based on a significant environment 9 population interaction). There were no differences in the thickness of the diaphragm between groups, but there was a nearly significant (P = .051) increase (~7%-15%) in diaphragm mass in highlanders compared to lowlanders (Table 3) .
Despite the relative lack of variation in fibre-type composition between populations, high-altitude mice appeared to have more capillary surface to support gas exchange in the diaphragm (Figure 2 ; Table 3 ). Highlanders had similar capillary densities and capillary to fibre ratios to lowlanders, but~2.1-to 2.2-fold greater capillary length densities (capillary length per volume of muscle). The distinction between these 2 measures of capillarity may have arisen from the appreciable difference in capillary morphology, in Respiration rate/citrate synthase activity (data in Figure 1D ) which staining wrapped the muscle fibres more often in highlanders (such that the capillary was sectioned longitudinally to vessel length) than in lowlanders (in which staining was generally more discrete, indicating that the capillary was sectioned transversely; Figure 2 ), suggesting that vessel tortuosity may be augmented in the high-altitude population. Chronic hypoxia had no effect on the capillarity of the diaphragm.
| Effects of chronic hypoxia on contractile function
Several features of force production by the diaphragm varied between groups, despite the relatively modest variation in fibre-type composition ( Figure 3 ; Table 4 ). Exposure to chronic hypoxia increased the peak force and the rate of force development during a muscle twitch by~1.6-and 1.5-fold, respectively. However, lowlanders generally produced~1.7-to 1.8-fold greater peak twitch forces and rates of force development, and they took~1.2-fold more time to relax after a single twitch. Similar population differences in force production were observed with summation of twitch forces at increasing stimulation frequencies during tests of the force-frequency relationship (Table 4) , with lowlanders producing~1.6-fold higher tetanic force than highlanders when stimulated at 100 Hz.
Chronic hypoxia increased fatigue resistance of the diaphragm ( Figure 4 ). The initial forces generated in response to stimulation at 70 Hz in the fatigue resistance tests were generally intermediate between the forces measured at 60 and 80 Hz in the force-frequency relationship tests (Table 4) ; this result shows that force production by the muscle was stable over time and did not decline over the 10-minutes recovery period between these 2 tests. However, as muscles were subjected to repeated stimulation over the course of the fatigue resistance test, the proportion of initial contraction force decreased progressively (from 70% to 80% of initial contraction force after 1 minute of stimulation to only~20%-30% after 20 minutes). Exposing mice to chronic hypoxia increased the time to 50% of initial force from~6 to~10 minutes, but there were no significant differences between populations. Similarly, chronic hypoxia increased the proportion of initial force remaining after 5 minutes of stimulation from~51% to~62%, but there were no differences between populations.
We measured Ca
2+
-dependent ATPase activity in heavy microsomes (which are enriched for sarcoplasmic reticulum) as an index of sarcoplasmic reticulum Ca 2+ -ATPase (SERCA), the Ca 2+ -ATPase involved in the active reuptake of Ca 2+ into the sarcoplasmic reticulum from the cytosol.
SERCA activity was 1.5-to 1.7-fold greater in highland mice than in lowland mice but was unchanged by exposure to chronic hypoxia ( Figure 5 ).
T A B L E 2 Chronic hypoxia increased the citrate synthase activity of the diaphragm in both populations of Peromyscus 
Values are given in as the mean
*, †, † †Significant pairwise differences between the highland and lowland populations within the same environment, between normoxia and hypoxia (12 kPa) within the same population, or between moderate (12 kPa) and severe (9 kPa) hypoxia within the highlanders, respectively, in Bonferroni post-tests. Bold values denote significant ANOVA factors.
In this study, we used deer mice (Peromyscus maniculatus) native to high altitude and congeners (P. leucopus) native to low altitude to discern the effects of chronic hypoxia on diaphragm function and to identify potential evolved specializations that are unique to high-altitude natives. Our findings suggest that chronic hypoxia exposure of both lowland and highland mice augments the mitochondrial respiratory capacity, force production and fatigue resistance of the diaphragm. However, evolved differences in high-altitude mice appeared to oppose many of the environmentally induced changes in the respiratory capacity and force production of the diaphragm, because highlanders in chronic hypoxia often exhibited similar phenotypes to lowlanders in normoxia. As a result, most aspects of diaphragm function were similar between highlanders in conditions simulating hypoxia at 4300 m and lowlanders in conditions simulating normoxia at sea level.
| Effects of chronic hypoxia on diaphragm function
The respiratory capacity and citrate synthase activity of the diaphragm was augmented after exposure to chronic hypoxia ( Figure 1A ; Table 2 ). Citrate synthase is a commonly used marker of mitochondrial volume, so chronic hypoxia may increase the respiratory capacity of the diaphragm at least in part by inducing mitochondrial growth and biogenesis. The increases in respiratory capacity did F I G U R E 2 Identification of fibre types and capillaries in the diaphragm muscle. Representative images of each stain are organized sequentially by row in the order (i) myosin-ATPase activity after acidic pre-incubation (a marker of type I fibres), (ii) myosin heavy chain (MHC) IIA (red), (iii) MHC IIB (green) and (iv) alkaline phosphatase activity (a marker of capillaries). All images were acquired at the same magnification Values are given in as the mean AE SEM (n = 5-9). There were no significant pairwise differences between groups in Bonferroni post-tests.
Bold values denote significant ANOVA factors.
not appear to be driven by increases in the abundance of oxidative fibre types in the muscle and may have even been opposed slightly by the conversion of a small number of IIa fibres into IIx or IIb fibres after exposure to chronic hypoxia (Table 3 , Figure 2 ). Therefore, adjustments in mitochondrial quantity and/or quality appear to help maintain or increase the respiratory capacity of the diaphragm in Peromyscus mice exposed to chronic hypoxia. This contrasts previous studies of domestic C57BL/6J mice, in which chronic hypoxia decreased the volume density and specific respiratory capacity of mitochondria in the diaphragm, 16, 27 suggesting that the effects of chronic hypoxia on mitochondrial function may differ appreciably between Peromyscus mice and house mice (Mus musculus).
The contractile force and fatigue resistance of the diaphragm also increased with exposure to chronic hypoxia ( Figure 5 ). Peromyscus mice increase breathing by 1.2-to 1.5-fold in chronic hypoxia at 12 kPa, 26 so the increases in force production and fatigue resistance (as well as respiratory capacity) could represent a training effect resulting from increases in muscle activity. This could be partly explained by the apparent shift in some fibres from IIa to IIx/IIb, but in contrast to some previous studies of domestic mice, 16 chronic hypoxia did not affect the average size of any muscle fibre types (Table 3) . Changes in contractile function after chronic hypoxia do not appear to result from variation in SERCA activity ( Figure 5 ) or the density of muscle fibres expressing SERCA2. 13 It is possible that chronic hypoxia expanded the relative volume of myofibrils within diaphragm fibres, but it is unclear how this might be achieved if chronic hypoxia also increases the mitochondrial volume density of the fibres (as discussed in the previous paragraph). The observed changes in the metabolic and contractile phenotypes of the diaphragm in low-altitude populations after chronic hypoxia (Figures 1 and 5) occur in association with changes in breathing. Lowlanders exhibit ventilatory acclimatization to hypoxia (VAH), in which exposure to chronic hypoxia leads to a progressive increase in total ventilation at 12 kPa and it also makes breathing pattern more effective (higher tidal volumes and lower breathing frequencies at a given total ventilation). 26 VAH appears to be underpinned by growth of the carotid bodies (the chemoreceptor that initiates the hypoxic ventilatory response) in lowland Permyscus mice, 26 and VAH is generally believed to also result from neuroplasticity in ventilatory control circuits. 28 Therefore, VAH could contribute to the observed effects of chronic hypoxia on diaphragm phenotype in lowlanders by augmenting routine ventilation (and presumably diaphragm activity) and by restructuring Values are given in as the mean AE SEM (n = 7-12). There were no significant pairwise differences between treatment groups in Bonferroni post-tests.
a Data at 70 Hz are the initial forces generated at the start of the fatigue resistance tests, which were collected after 10 minutes recovery from the force-frequency relationship tests (see Materials and Methods for details). Bold values denote significant ANOVA factors.
F I G U R E 4
Chronic hypoxia increased fatigue resistance of the diaphragm in both populations of Peromyscus mice. Muscles underwent a fatigue protocol in which they were stimulated every second (at 70 Hz for 300 milliseconds) for 20 minutes (see Materials and Methods). A, The duration of time the muscles could be stimulated until force production fell to 50% of the initial force. B, The force production remaining (as a proportion of initial force) after 5 minutes of stimulation. †-Significant main effect of environment (A, F 1,34 = 13.84, P = .0007; B, F 1,34 = 9.86, P = .0035) in twofactor ANOVA (n = 8-11). There were no significant main effects of population (A, F 1,34 = 0.0006, P = .9809; B, F 1,34 = 0.35, P = .5608) or environment 9 population interactions (A, F 1,34 = 0.45, P = .5057; B, F 1,45 = 0.04, P = .8359) the neural networks that control respiratory muscle contraction.
| Changes in the effects of chronic hypoxia and diaphragm function in highaltitude natives
Chronic exposure to deeper levels of hypoxia was needed to increase the respiratory capacity of the diaphragm in high-altitude mice ( Figure 1A ). The increases in respiratory capacity observed in lowlanders were not observed in highlanders at 12 kPa O 2 , but did occur in highlanders after chronic exposure to 9 kPa O 2 -an O 2 pressure that was well tolerated by the high-altitude mice and was comparable to the level of hypoxia at~7000 m elevation. This observation could potentially be explained by population differences in VAH, because highlanders do not exhibit VAH in response to chronic exposure to 12 kPa O 2 , unlike the robust VAH that is exhibited by lowlanders. 26 However, it has yet to be determined if VAH occurs in highlanders after acclimation to 9 kPa O 2 , so it remains unclear whether the increased respiratory capacity of their diaphragm in severe hypoxia could be explained by changes in breathing and diaphragm activity. Alternatively, if tissue hypoxia is an important stimulus for increases in respiratory capacity in chronic hypoxia, then this could explain the deeper level of hypoxia that is required to elicit a response in the highlanders. Arterial O 2 saturation is greater in highlanders than in lowlanders at 12 kPa O 2 26 and is presumably associated with parallel differences in O 2 supply to the diaphragm and to other tissues. The fact that arterial O 2 saturation in highlanders at 9 kPa is similar to that in lowlanders at 12 kPa may explain why these different environmental conditions led to similar increases in respiratory capacity in each population. Although the respiratory capacity of the diaphragm increased in chronic hypoxia in both populations, the mechanisms involved appeared to differ in highlanders compared to lowlanders. The increases in respiratory capacity in lowlanders appeared to result at least in part from changes in mitochondrial quality, in which respiratory capacity increased relative to citrate synthase activity (a marker of mitochondrial volume; Figure 1 ). Changes in mitochondrial quality are not necessarily detrimental-increases in mitochondrial quantity and quality can contribute to improvements in locomotory muscle performance and exercise capacity 29 -but those in lowlanders in the present study were correlated with elevated rates of ROS emission. Although ROS are a normal by-product of mitochondrial metabolism and play important signalling roles in the muscle, disruptions in redox status and oxidative stress have been proposed to underlie some detrimental effects of chronic hypoxia on muscle function. 30, 31 However, the increases in respiratory capacity in highlanders appeared to result solely from changes in mitochondrial abundance, as reflected by similar relative increases in respiratory capacity and CS activity, and occurred without any change in ROS emission from the fibres (Figure 1 ). In fact, exposure to severe hypoxia decreased the ratio of ROS emission relative to O 2 consumption (Figure 1 ), a condition that has been shown to distinguish locomotory muscle mitochondria of rats that have been artificially selected for running endurance compared to their more sedentary counterparts. 32 Capillary length density was comparatively higher in the diaphragm of high-altitude mice, which likely increased the area for gas and nutrient exchange between capillaries and muscle fibres (Table 3; Figure 2 ). Our findings add to a growing number of studies suggesting that many highaltitude natives have evolved an increased capillarity in skeletal muscles. 24, [33] [34] [35] [36] This, along with evolved changes in the distribution of mitochondria closer to capillaries, 35, 37 likely improves mitochondrial respiration in high-altitude hypoxia by increasing O 2 diffusing capacity from the blood and increasing the O 2 pressure encountered by the mitochondria.
The diaphragm of high-altitude mice generated less force in response to stimulation, coincident with shorter times to relaxation after contraction and higher SERCA activity, but no difference in fibre-type composition (Figures 3 and 5 ] i during muscle contraction can affect the force generated by myofibrils. For example, pharmacological inhibition of SERCA has been shown to increase intracellular [Ca 2+ ] and force production during tetanic contraction, but slow the rate of relaxation after tetanus, in flexor brevis muscle fibres from domestic mice. 40, 41 There is some suggestion that increases in haematocrit impair diaphragm function in humans that ascend to high altitude. 42 However, this is unlikely in deer mice as highlanders have the same haematocrit as lowlanders in normoxia, and lowlanders increase haematocrit more than highlanders after acclimation to hypoxia. 24 Other contributors to force production, such as myofilament force generation or other aspects of Ca 2+ handling, could also support the observed differences in high-altitude mice. 43 Why would high-altitude mice evolve in such a way that their diaphragm generates less force than that of lowlanders, despite the seeming advantage that diaphragm force might confer for sustaining increases in ventilation at high altitudes? It is unlikely that highlanders have offset the in vivo effects of having lower specific force production by evolving a larger diaphragm, because the magnitude of the reduction in force production ( Figure 3 ) is far greater than the magnitude of the increase in diaphragm mass ( Table 3 ). The reason for this curious reduction in force production is not entirely clear, but it could foreseeably contribute to thermogenesis in the cold environment at high altitudes. Increasing the rate of active reuptake of Ca 2+ by SERCA could augment Ca 2+ cycling, overall ATP demand, and thus the heat production by the diaphragm. This would be a different potential mechanism to the heatgenerating effects of sarcolipin-induced uncoupling of SERCA pumps, [44] [45] [46] [47] but both mechanisms could contribute to non-shivering thermogenesis by augmenting Ca 2+ pumping. Because the diaphragm is not believed to need its full contractile potential during routine conditions, as many fast-contracting fibres are likely only recruited when the diaphragm is accomplishing tasks that require large amounts of force (eg sneezing and coughing), 48 the lower force production in highlanders is not expected to restrain their ability to breathe. However, the ideal location of the diaphragm adjacent to many vital organs makes it a potentially valuable source of supplemental heat production. By relinquishing some of the excess force generating capacity of the diaphragm, high-altitude deer mice may have evolved additional means of staying warm in the cold environment at high altitude.
| MATERIALS AND METHODS
| Animals
Adult mice were live trapped in the wild at high altitude on the summit of Mount Evans Colorado (39°35 0 18″N, 105°38 0 38″W;~4350 m above sea level; P. maniculatus rufinus) and at low altitude on the Great Plains of Nebraska (40°52 0 12″N, 96°48 0 20.3″W;~430 m above sea level; P. leucopus) and were transported to McMaster University (elevation 50 m). Mice were bred within each population, and laboratory-raised progeny were raised to adulthood in captivity in common-garden conditions in normoxia. Adult laboratory-raised mice (6-12 months of age) from each population were acclimated to (i) standard cage conditions in normobaric normoxia or (ii) hypobaric hypoxia simulating the barometric pressure at an elevation of 4300 m (barometric pressure of 60 kPa, and O 2 partial pressure of 12 kPa) for 6-8 weeks. For some measurements, high-altitude mice were also acclimated to a more severe level of hypobaric hypoxia that simulated 7000 m elevation (barometric pressure of 42 kPa, and O 2 pressure of 9 kPa). Specially designed hypobaric chambers were used for hypoxia acclimation, as previously described. 24, 37, 49 Otherwise, mice were held in standard holding conditions (23-25°C, 12:12 light-dark photoperiod) with unlimited access to standard rodent chow and water. After acclimation, mice were killed (isoflurane anaesthesia followed by cervical dislocation) and then sampled to measure various aspects of diaphragm function (see below). All procedures were carried out in accordance with guidelines set out by the Canadian Council on Animal Care and were approved by the McMaster Animal Research Ethics Board.
| Mitochondrial function in permeabilized muscle fibres
Small samples (~50 mg) of diaphragm muscle were transferred to ice-cold relaxing and preservation buffer (20 mmol
potassium-methane sulphonate, 5.8 mmol L À1 Na 2 ATP, and 15 mmol L À1 creatine phosphate, pH 7.1) and were mechanically separated using dissecting probes. weighed before respirometry measurements by transferring bundles to respiration solution on a tared analytical balance. In situ mitochondrial function was measured in 2 mL of respiration solution in a high-resolution respirometer and fluorometer (Oxygraph-2k with O2k-Fluorescence module; Oroboros Instruments, Innsbruck, Austria) at 37°C under continuous stirring. Fibres (2.1-5.3 mg wet mass) were allowed to rest for 5 minutes after being transferred to the chamber. Respiration rate was measured from the rate of decline in O 2 concentration in the chamber. Reactive oxygen species (ROS) were measured by the fluorescent detection of resorufin (excitation wavelength of 525 nm and AmR filter set, Oroboros Instruments). This was accomplished by adding exogenous superoxide dismutase (22.5 U mL À1 ; which catalyses the production of hydrogen peroxide from mitochondrial superoxide), Ampliflu Red (15 lmol L
À1
), and horseradish peroxidase (3 U mL À1 ;
which catalyses the production of resorufin from hydrogen peroxide and Ampliflu Red) to the respiration buffer. for supporting oxphos via complex I and then complexes I+II (ie single and then convergent electron inputs to coenzyme Q), respectively. Cytochrome c (10 lmol L À1 ) was then added to assess the viability of the preparations (increases in respiration are often used as an index of poor outer mitochondrial-membrane integrity, but none of our preparations showed a significant cytochrome c effect of more than 5% above P PMGS ). Finally, ascorbate (0.5 mmol L À1 ) followed by N,N,N,N-tetramethyl-p-phenylenediamine (TMPD; 0.5 mmol L À1 ) was used to maximally stimulate complex IV (P Tm ). The fibres were then removed from the respirometer, frozen in liquid N 2 , and stored at À80°C until assayed for mitochondrial enzyme activities (next section). Respiration and ROS emission rates were measured for at least 3 minutes in each condition until a steady state was reached. Rates are expressed relative to the wet mass of fibres. The biochemicals used for the measurements described in this section and, elsewhere throughout the Materials and Methods, were obtained from Sigma-Aldrich (Oakville, ON, Canada) unless otherwise stated.
| Mitochondrial enzyme activities
The maximal activities (V max ) of citrate synthase (CS) and cytochrome c oxidase (COX) were assayed at mouse body temperature (37°C) as previously described 24 
| Diaphragm size, fibre-type composition and capillarity
Fibre-type composition and capillarity was determined for diaphragm samples that were dissected, coated in mounting medium and rapidly frozen in 2-methylbutane (cooled to near freezing in liquid N 2 ). Muscle was sectioned (10 lm) transverse to fibre length in a À20°C cryostat and mounted on slides (Superfrost Plus, Fisher, Hampton, NH, USA). Enzyme histochemistry was used to stain cryostat sections for myosin-ATPase activity after pre-incubation at pH 4.6 (to identify slow oxidative, type I, fibres), or alkaline phosphatase activity (as a marker of capillaries) using methods we have described previously. 35 capillary areal density (ie area of capillary staining relative to total area) and the transverse area of individual capillaries. Because many muscle capillaries are tortuous and are thus sectioned oblique to their length, their apparent measured area is larger than their transverse area. We therefore used the average area of the smallest 10% of identified capillaries to estimate the transverse area of individual capillaries. A sufficient number of images were analysed to account for heterogeneity, determined in preliminary measurements as the number of images necessary to yield a stable mean value for an individual. We also determined the average thickness of the diaphragm for each individual mouse by taking the average of several thickness measurements across all images. Diaphragm masses were obtained in a separate set of mice by dissecting out and weighing diaphragms on a tared analytical balance and are expressed relative to body mass.
| Muscle contractile function
The contractile function of the diaphragm was examined in vitro using an isolated muscle test system (Aurora Scientific, Aurora, ON, Canada). Muscle strips were isolated and prepared as previously described. 55 O 2 ). Strips of muscle were prepared, with the ribs at the distal end and the central tendon at the proximal end, and the remaining muscle tissue was frozen in liquid N 2 and stored at À80°C until assayed for Ca 2+ -ATPase activity (next section). The rib margin was anchored in place and the central tendon was attached to the force transducer (305C Dual-Mode Muscle Lever, Aurora Scientific) using sutures, and the diaphragm was submerged in the above buffer and maintained at 37°C. The optimal muscle length was determined and set as follows using established procedures. 55 The stimulus voltage was first increased until the peak isometric twitch force was achieved, reflecting full recruitment of fibres in the muscle strip (this maximal stimulation occurred at~5-15 V for 1 milliseconds, applied using a 701C Electrical Stimulator; Aurora Scientific). The muscle was then subjected to supramaximal stimulation (10% higher voltage than needed for maximal stimulation) while muscle length was adjusted with a micro-positioner, until the optimal length was reached that maximized isometric twitch force (optimal length was 8.53 AE 0.21 mm overall and did not differ across treatment groups; P = .10). The diaphragm strip was then given 5 minutes to recover. A single twitch was elicited (supra-maximal stimulation, 1 milliseconds) from which twitch force, time to peak force and time to 50% relaxation were determined. The force-frequency relationship was then determined by sequentially stimulating the muscle strips at 10, 20, 30, 40, 60, 80 and 100 Hz for 300 milliseconds at each stimulus frequency interspersed by 2-minutes recovery intervals between each stimulus, and the diaphragm was allowed 10 minutes to recover. Fatigue resistance was then measured as the decay in force production while the diaphragm was stimulated every second (at 70 Hz for 300 milliseconds) for 20 minutes. 56 The muscle strip was then removed from the apparatus, the ribs and central tendon were removed, and the wet mass of the muscle tissue was measured. The dry mass was then determined after oven-baking the tissue at 60°C for 5 hours (the dry mass of muscle strips were 2.12 AE 0.12 mg overall and did not differ across treatment groups; P = .5420). Contraction data were recorded and analysed using the manufacturer's software (Aurora Scientific). Specific forces are expressed in N cm À2 of muscle cross-sectional area. The latter was approximated as previously described, 13 by dividing muscle dry mass by the product of optimal length and muscle density (assumed to be 1.06 g cm À3 ).
| Sarcoplasmic reticulum Ca
2+ -ATPase (SERCA) activity
We measured Ca 2+ -dependent ATPase activity in heavy microsomes (which are enriched for sarcoplasmic reticulum) as an index of SERCA activity, using a modification of previously described protocols [57] [58] [59] in a SpectraMax Plus 384 spectrophotometer. Samples were homogenized in 10 volumes of ice-cold buffer (100 mmol L
À1
Tris, 250 mmol L À1 sucrose, 5% glycerol and 1 mmol L À1 phenylmethylsulfonyl fluoride [PMSF]; pH 7.0) and then centrifuged at 1000 g at 4°C for 2 minutes. The supernatant was collected and vortexed and then centrifuged at 12 000 g at 4°C for 20 minutes (the preceding centrifugation steps should remove myofibrils, mitochondria, nuclei and other heavy cellular components [60] [61] [62] was again collected and vortexed and then centrifuged at 21 000 g at 4°C for 2 hours. The resulting pellet (the heavy microsomal fraction that contains sarcoplasmic reticulum) was collected and resuspended in buffer for use in enzyme assays, and the resulting supernatant (which should include sarcolemmal vesicles, light microsomes, polysomes, and ribosomes [60] [61] [62] ) was discarded. -stimulated ATPase activity plus background ATPase activity found in the heavy microsomal fraction) and is expressed in lmol substrate per mg of microsomal protein per min. Preliminary experiments determined that substrate concentrations were saturating.
| Statistical analysis
Data are presented as means AE SE. Two-factor ANOVA was used to evaluate the main effects of population and environment (normoxia and hypoxia at 12 kPa O 2 ), and Bonferroni post-tests were used to evaluate pairwise differences between populations within an environment and between environments within each population. For the subset of measurements for which we also collected data from highlanders exposed to more severe levels of hypoxia (9 kPa O 2 ), we also used one-factor ANOVA and Bonferroni post-tests to evaluate the effects of exposure environment in the highlanders. P < .05 was considered significant.
